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DISCLAIMERS

The findings in this report are not to be construed as an official Department of the
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corporation, or conveying any rights or permission, to manufacture, use, or sell any
patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement or approval
of the use of such commercial hardware or software.
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ABSTRACT

This report presents the results of effort conducted between
August 1971 and March 1972 to define criteria and to design,
fabricate, and test compliant rollers to obtain the optimum
detail roller profile for use in the HLH rotor transmission
2nd-stage planetary system. Tests were performed between
flat plates under HLH loading and misalignment conditions.
Technical inspection and @valuation of the test results will
be used for selecting the optimum compliant roller configura-
tion for the HLH rotor transmission second-stage planetary
system.

Planet bearing applications have generally required the use
of self-aligning spherical roller bearings to accommodate
planet post misalignments. A double-row cylindrical roller
bearing containing a unique hollow-ended roller design has
been found to be feasible for this type of application in
tests under anticipated operating conditions. This bearing
will accommodate a higher degree of misalignment and will
provide higher capacity than a bearing containing convention-
al cylindrical-crowned, solid rollers. The advantages of
hollow-ended roller bearing enable designs to replace the
spherical roller bearing and obtain substantial welight
savings and improve life and reliability in the helicopter
planetary system.

Testing shows that the most severely stressed roller in a
tandem set of hollow-ended rollers carries a smaller percent-
age of applied load than that of a corresponding roller in
a set of solid rollers in an asymmetrical loading situation.
This has demonstrated a favorable gain in load sharing due
to the increased flexibility of hollow-ended rollers. This
improvement in load sharing has reduced the maximum stress
level substantially. Under the specified operating condi-
tions used in this program, a reduction in the significant
subsurface shear stress level from 120,000 to 102,000 psi
was realized. The maximum bore stress of 40,000 psi indi-
cated that the failure mode in the hollow-ended roller will
be conventional outside-diameter (OD) fatigue spalling
rather than rim structural failure.
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FOREWORD ,

The roller bearing development work presented in this report
has been completed in partial fulfillment of Contract
DAAJO1-71-C-0840(P40) . This effort was primarily a feasi-
bility study to determine whether a proposed two-row
cylindrical roller bearing design could be successfully em-
ployed in the HLH rotor transmission planetary system under
specified operating conditions. The scope of work included
designing, manufacturing and experimentally testing prototype
compliant rollers to obtain the optimum detail roller pro-
file for use in the HLH second-stage planetary bearing
assembly operating at 18,000 pound per heaviest loaded roller
set and .003 inch/inch misalignment.

This program was conducted at Rollway Bearing Company,
Syracuse, New York, under the technical direction of

R.B. Dalton, Chief Engineer, with R.A. Goodelle, Senior
Analytical Design Engineer, as the principal investigator.
Close contact with regard to program status and test re-
sults was maintained with J.W. Lenski, Senior Design Engineer,
of Boeing-Vertol. Technical direction was provided by

Mr. W. Hudgins, Project Engineer, Eustis Directorate, U.S.
Army Air Mobility Research and Development Laboratory,

Fort Eustis, Virginia.
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INTRODUCTION

In order to meet the ever-increasing endurance and power de-
mands on helicopter bearing systems, optimization of bearing
materials and design is required. Misalignment has been
found to drastically shorten bearing life in applications
where the bearings are subjected to significant deflections.
Tailored crowning of rollers may alleviate this problem some-
what; however, such modifications must be supplemented if
bearing life is to be improved.

Significant breakthroughs in two areas of bearing technology
have permitted the use of cylindrical roller bearings where
spherical roller bearings were formally specified. An im-
proved method has been developed by Rollway Bearing Company
for permanently recording the elastic contact area or
"Footprint" created from roller/race contact on a chemically
etched plate or race (Figure 1). In the past, the forecast-
ing of stress levels and associated life of a rolling element
under misalignment required the accurate determination of the
shape of the mutual contact. The "Footprint" technique also
provides the means of analyzing this area to determine the
load and stress distributions. Visual inspection of the
shape alone qualitatively displays a wealth of information
about loading conditions, contact area aberrations and exist-
ing conditions of misalignment. This information is useful
in the solution of specific application problems which, at
present, may only be grossly estimated by other methods. Of
great experimental benefit is the advantage  of being able to
visually inspect the influence of roller crowning on the con-
tact area and in particular, end of contact effects for
specific loading and misalignment conditions. This means
that for a special application the proper crown may be easily
and accurately determined.

The second Rollway advancement in the state of the art in-
volves a modification of structural roller design in which
both ends of the roller are recessed (Figure 2a). Develop-
ment of this hollow-ended roller was initiated with the ob-
jective of increasing the range of misalignment which a
cylindrical roller bearing could endure while also increas-
ing reliability and life. This is best achieved by improv-
ing the load distribution on the roller. The optimum load
distribution may be obtained by tailoring both the shape of
the recessed end and the roller crown. The net result will
be a contact area without end of contact effects (blunt end -
high stress) and a maximum width substantially less than
that found from a contact created by a solid roller with an
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identical crown under the same loading and misalignment con-
ditions. The life of elements in rolling contact may be
determined by the maximum contact stress level (resolved into
a subsurface shear stress distribution) which is directly
related to the dimensions and shape of contact - i.e., stress
increases in proportion to increasing width, and life is
inversely proportional to some high power of stress.

This unique roller structural design configuration permits
improved load distribution over the conventional solid
roller type. This roller development, which is dependent

on an accurate assessment of the influence of bore shape and
crown geometry on contact area, is made possible by the
"Footprint" technique. Applying this type of roller design
to a cylindrical roller bearing extends the range of mis-
alignment which the bearing may tolerate and ensures a reli-
able life prediction in excess of that estimated for other
bearing types.

[ase Al)



l‘

b e

L R

e

e

TECHNICAL APPROACH

BACKGROUND

Planet bearing sizing for B-10 fatigue life requirements has
a direct influence on the pitch diameter size of the plane-
tary ring gear. To minimize the size and weight of the ring
gear, the capacity of the planet bearings must be improved.
Boeing-Vertol's current design practice is to use self-
aligning spherical roller bearings to accommodate planet
bearing post misalignments. For the HLH 2nd-stage planetary
system, trade studies were conducted to determine methods of
providing improved bearing capacity at reduced weight and
size. The design study was conducted using the following
ground rules:

l. Ring gear pitch diameter will be 32.95 inches with a
planetary ratio of 3.674.

2. The bearing cubic mean load to the rotor transmission of
7,200 HP at 156 rpm will be used for life sizing.

3. The bearing maximum load to the rotor transmission will
be 10,400 HP at 156 rpm.

4. Allowable equivalent alternating stress of the backup
ring will be + 29,000 psi on the OD and + 42,000 psi on
the ID.

5. Roller L/D ratio will be 1.2 to 1.5.
6. Cage web spacing will be 20% of roller diameter.

The results of the above study showed that a cylindrical
roller bearing design (Figure 2b) using a l1l.25-inch-diameter
roller and a length of 1.50 inches provided a minimum B-10
life of 2000 hours while meeting all of the above design ob-
jectives. The only problem associated with this type of
bearing design is to provide a capability for accommodating
the planet post deflections expected in the HLH planetary
system without degrading the calculated B-10 life.

To reduce the influence on fatique life of an asymmetrically
loaded cylindrical roller bearing, the use of compliant
(hollow-ended) cylindrical rollers to supplement the standard
crown modification was implemented to provide the desired
misalignment capability for the HLH planetary bearing design.
The unique hollow-ended roller design has been developed by
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the Rollway Bearing Company, Syracuse, New York. Rollway
was subcontracted to investigate the use of such a design in
the HLH rotor transmission planetary system.

The "Footprint" techniquel is the key to accurately determin-
ing the static contact areas from which comparisons may be
made to select a bore/crown relationship yielding the best
load distribution for the specified operating conditions.
Permanent recording of contact area is made possible by using
chemically etched steel plates. When steel is subjected to
the action of a nitric acid solution, a thin layer composed
mainly of carbon remains as a result of the reaction. The
thickness of this film is directly proportional to reaction
time, surface cleanliness, material carbon content and etch
media strength. A rolling element may be placed on this
etched plate and loaded to the desired degree. Upon load
removal the contact area or "Footprint" is clearly visible
on the etched surface. This area is significantly modified
by the apparent load-carrying ability of the inelastic carbon
coating, the degree being directly proportional to its thick-
ness as illustrated in Figure 3. Calibration curves must
be determined, for the diameter roller being studied, that
account for this influence of film thickness on observed con-
tact dimension to yield the contact area that in reality ex-
ists before the load is withdrawn. Contact area data ob-
tained from symmetrically and statically loading selected
sizes of steel cylindrical rollers (no crown, square ends)
on dry (unlubricated) test plates having etched surfaces of
various film thicki.ecsses are presented in the form of curves
(Figure 4). The curve intersection with the ordinate axis
indirectly yields the real contact width (no etch) for any
particular roller diameter, length and applied load. Having
now established the differences between observed and real
contact width dimensions (2bggg., 2brgar) due to a thin film
on one of the two approaching surfaces, an etch correction
factor (ECF) may be defined as
2b
ECF = 5—EAL

2byps

Data from curves in Figure 4 may be used to establish etch
calibration curves for the three roller diameters investi-
gated for any film thickness (162 4 inch, for example) as
illustrated in Figure 5. Extrapolation of three curves

(such as these) at the desired film thickness will yield a
calibration curve for a roller of any diameter. Having a
method now to correct the error associated with recorded
contact width dimensions (2bgpg), a straightfurward approach
may be employed to determine the load distribution prescribed
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by the contact area ("Footprint") created by a partially
crowned cylindrical roller under asymmetrical loading. The
desired "Footprint" selected for study is measured and con-
structed graphically to an enlarged scale as shown in Figure
6 and called the observed area. The proper calibration curve
is developed and used to correct all observed dimensions.
After this correction, the new area is called the apparent
contact area which truly represents the bulk elastic deforma-
tion that has taken place. This area may be divided into
numerous segments, lp, each individual length being dependent
upon the "Footprint" outline. An equivalent contact half-
width (b,) is found for each segment by drawing the hori-
zontal line through the corrected outline tha: makes it a
rectangular segment equal in area to that of the original
section. This equivalent area is now assumed to be the classi-
cal rectangular contact area created by an uncrowned rcller
against a flat plate yieldiny a contact half-width, b,
predicted by the Hertz equation (plane stress conditions
assumed along the entire contact length). Applying the Hertz
equation in the following form

¥ 1
P = .
R (1.4 % 10742 9€ ~

the incremental loads necessiry to create each segment of the
apparent "Footprint" may be calculated. Unit load values
(Pn/1ln) may be determined next and plotted (example, Figure 6).

This accurate description of loading on the rolling element
is of great importance, as it serves as the basis for the
determination of the stress distribution in the body. The
contact stresses in a solid roller due to the deformation of
a local area from the applied load contact are determined in
a straightforward manner using classical equations. However,
analyzing the stress distribution in a hollow-ended roller
is not a routine problem; additional stresses are involved
due to rim deflection which must be combined with the con-
tact stress state to yield an accurate stress determination.
A three-dimensional finite element elasticity study was eu-
ployed to determine the stress state in the flexible rim
section due to deflection®. This computer program provides
a numerical solution for the stresses induced in a conical
shell elastically supported at one end and under the influence
of an asymmetrical self-equilibrating line load. The finite
element method involves dividing the rim section up into a
finite number of quadrilateral elements as displayed, for
example, in Figure 7 with the stress results read out at
their centroids. The load distribution data oktained from
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the “Footprint" may be expressed as any function of R & 2
and the Fourier series in 6 and is used as input data for the
computer analysis. The results of the finite element
analysis when properly combined with the local Hertzian con-
tact stress yield an accurate description of the subsurface
shear stress state in the hollow-ended roller which may be
compared to the subsurface shear stress state existing in a
solid type roller subjected to identical operating condi-
tions. Knowledge of the peak bore stress and maximum sub-
sur face shear stress allows a decision on roller feasibility
to be made. The stress results in the plane of the load

(6 = 0°) need only be obtained, as the stresses at

e = 90° are much less.

STATEMENT OF PROBLEM

The main gearboxes of current Vertol helicopter power trans-
fer systems use spherical roller bearings in their planetary
gear system. With ever increasing power requirements, the
use of this type of bearing severely restricts the use of
optimum gear sizes and the potential weight reduction in this
area. Spherical roller bearings have been mainly used for
their ability to accommodate post deflections and misalign-
ments which are experienced in the planetary gear system.

Trade studies have shown that cylindrical roller bearings
could provide greater capacity in the same size bearing and
thus provide higher fatigue life. The only objection to
cylindrical roller bearings is their inability to accommodate
severe misalignments. Field experience and testing of
cylindrical roller bearings, even with special crowned
rollers, under misalign condition show a drastic reduction in
fatigue life. Therefore, to take advantage of the higher
capacity ratio, a significant improvement in misalignment
capability must be incorporated into the cylindrical roller

bearing.

The primary concern with this program is to determine the
feasibility of using a tandem cylindrical roller bearing with
modified hollow-ended rollers to function under severe operat-
ing conditions in the HILH rotor transmission 2nd stage
planetary system. Static roller tests were performed to
establish the optimum roller crown and hollow-end configura-
tion which is capable of supporting high loads and misalign-
ments. The test loads were established by bearing computer
analysis of the HLH rotor transmission 2nd stage planet
boaring which accounted for internal load distribution, in-
ternal clearance and flexibility of the planet gear.

Testing was conducted between tandem hollow-ended rollers
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and flat plates to determine the load distribution on the
most heavily loaded rollers under the following specified
load and deflection conditions:

1. Load Condition - 18,000 Pounds (Equivalent to 10,400 HP
to rotor transmissions)

12,000 Pounds (Equivalent to cubic mean
load of 7200 HP to rotor transmissions)

8,000 Pounds (Lower power rating)
2. Misalignment - .003 inch/inch
The results of these tests determined the feasibility of

using a bearing with tandem hollow-ended cylindrical rollers
operating at high loads and misalignment.
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TEST SPECIMEN DESIGN

The first phase of this program included a solid roller
design on which ten crown variations were generated. The
basic 1.25 diameter x 1.50 length roller is shown in Figure
8; the various crown geometries are listed in Table I. 1In
conjunction with the crown study, six configurations of
hollow-ended rollers were designed as shown in Figures 9
thru 14. One of the ten solid roller crowns was selected
(after a "Footprint" study) for use on the six hollow-ended
roller variations.

FABRICATION

All xollers, both solid and hollow-ended, test plates and a
fixture to hold two rollers in tandem were fabricated by
Rollway. The finished rollers are shown in Figures 8 thru
14. The test plate and fixture hardware are shown in Figures
15 and 16, respectively.

MATERIAL

As this program was basically a feasibility study which did
not include dynamic testing, and the nature of the experi-
mental test work was not material oriented, it is sufficient
to describe the test parts materials as follows.

All rollers were constructed from grade 8620 (ASTMAS34)
carburizing steel which is used primarily in the manufacture
of ball and roller bearings.

The test plates are chrome #1 (ASTMA485-grade 1) which is a
high hardenability modification of 52100 steel used in the
mznufacture of ball and roller bearings.

TEST SPECIMEN PREPARATION AND NITAL ETCH PROCEDURE

As discussed earlier, the etched test plate and "Footprint*"
recording is the basic technique necessary to carry out this
development program. All contact areas were recorded on
etched, thru hardened, highly finished, good bearing quality
steel plates. A good texture (3 to 5 inch) is required to
assist in judging the "Footprint"” boundaries on the etched
surface. Each test segment (all same size and thickness) was
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immersed in light oil immediately after surface finishing to
limit the formation of an oxide film which could affect the
chemical etching operation. Prior to etching, the segments
were thoroughly degreased in trichloroethylene to remove the
oil. After immediate forced air drying, each segment was
allowed to sit in ambient air for not more than 2 minutes
before immersion into the nitric acid solution. A 10%
laboratory grade solution by volume mixed with water at tap
outlet temperature was used throughout. Each segment was
individually immersed in the etch solution and agitated for
20 seconds, followed immediately by bathing in clear 120°F
water for 10 seconds, then quickly forced air dried, result-
ing in a uniform, water iark free carbon film on each plate.

H CKNESS D A

Film thickness was measured immediately adjacent to each
“Footprint" selected for study by using a sensitive electronic
indicator pickup which indicated the difference in height
between an area from which the etch had been removed and

that of a neighboring undisturbed etched surface. Each such
thickness determination was the result of averaging six
passes of the indicator pickup over the subject area. The
final etch thickness value selected for a plate was obtained
by averaging the values from local areas. Examples of such
areas may be seen in Figure 17. Calibration curves were then
developed for these final average vnluc! by using extrapola-
tion of data published in earlier work.

METALLURGICAL EVALUATION

No formal metallurgical examinations were conducted on exist-
ing test parts due to reasons described in the

section. The general condition of the two subject steels is
presented in Table II.

IEST APPARATUS

All “Footprint" recording (loading rollers onto etched flat
plates) was performed using a 200,000 pound capacity Baldwin-
Southwark universal hydraulic tester as a loading device
(Pigure 18). To compensate for misalignment created in the
Baldwin due to compression loading, a die set was positioned
on the loading table which in effect transferred the applied
load to the test plate and roller in a plane parallel to the
loading head. The test plate sat on top of a 4 inch x 4
inch x 6 inch steel column which rested on the base of the
die set. To obtain desired misalignments, the steel column
was shimmed on one side. The height of this column

9
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prevented any undesirable bending effects when shimming was
employed. The accuracy of load was verified to within 1%.

TESTING TECHNIQUE

Sets of two rollers selected for "Footprinting” were cleaned
free of oil and dried prior to placing them and the roller
test fixture onto the test plane (Figure 19). With the steel
column subjected to the desired misalignment by shimming
(Figure 20), the test plate was positioned on top of the
column. The die set top plate was lowered until soft con-
tact with the rollers was made. Once the Baldwin-Southwark
head (stationary) engaged the die set plate (Figure 21), the
desired load was hydraulically applied to the roller set
thru the moving table. Upon load removal, the Baldwin head
was withdrawn and the test plate, rollers and fixture were
carefully removed.

The permanently recorded elastic contact area (Figure 22)
was now ready for measurement. A microscope and stage with
a .00l inch increment scale in the transverse direction (2b)
and .04 inch increment scale in the longitudinal direction
(length) was used to measure the contact dimensions. The (2b)
dimension, which is the critical value when considering load
and -*_-ess distributions, is accurate within .0005 inch.

All contact measurements were made with the same instrument
in a temperature-controlled room. The plates, rollers and
“Footprints” were all identified according to an established
numbering system.

STRESS CALCULATIONS

In order to properly forecast rolling element life, a measure
of stress becomes the basic guide as to whether a particular
bearing is feasible for a specific application. Determina-
tion of an absolute value for the operating stress requires
refined knowledge of the contact area as modified by the
lubricant film, the addition of traction shear stresses as
created by the dynamic contact, consideration of residual
stresses in the roller body and race, and the resultant
stress. Fatigue testing is generally employed to determine
life under act.ual operating conditions. However, in design
applications vhere no corresponding parts yet exist, a mea-
sure of the static stresses may serve as the basis for a
practical stress evaluation, particularly in studies where
stress distributions are to be compared relative to one
another. A judgment may be made as to feasibility of design
if the significant (maximum) subsurface shear stress is known.
In the case of a hollow-ended roller, the shear stresses in
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the bore are also of equal importance. Knowledge of these
two stress values, in addition to experience gained previously
through numerous fatigue tests and field test results, allows
a realistic assessment of a proposed bearing design to be
made. The Hertzian contact stresses at the surface created
in a dry, static, elastic contact area may be determined
using classical equations. The maximum Hertz pressure or
maximum radial stress, (J r, is calculated from

P
o ,z_nT_
R m™b 1

where Pp,,b,, and 1, are values obtained from the “Footprint"
analysis o? the sugjcct contact area. The roller coordinate
system showing principal directions at and near the roller
surface may be seen in Figure 23.

The subsurface principal and shear stress distributions ug
be determined in a manner suggested by Thomas and Hoersch.
The principal stresses at any depth ( c g stress state) may
be calculated from

], o [ ET - )]
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where E? means an accurate assessment of stress and X =

any depth below surface. Examples of subsurface principal
and shear stress distributions may be seen in Figures 75 and
76, respectively. These curves define the stress state due
to the effects of elastic deformation at the roller surface
and describe fully the static stress distribution that exists
in the solid roller. For the hollow-ended roller case, how-
ever, this stress state is modified by the bending effect of
the flexible rim. A computer program, based upon a finite
element, direct stiffness method is used to determine the
three-dimensional stress state existing in the hollow-ended
roller rim due to rim deflection. The unit loading data, re-
sulting from "Footprint" analysis, is used as input data for
this program. This method involves dividing the rim struc-
ture into a number of finite, quadrilateral elements with
stresses computed at their centroids. All such midpoints in
this grid may be connected to form stress planes I and J
(Figure 24). These planes become an important graphic aid in
understanding the data evaluation. To describe the principal
and shear stress orientation at a location just inside the
bore surface, consider an infinitesimal cube with one face in
the plane of the bore surface (Figure 25). Since there can
be no shear on the free surface, then the normal to this sur-
face is a principal direction with the respective stress.(y .
Next, due to s try, there is no shear on the plane de- .
fined by 0 = (see Figure 23). This, then, is a principal
direction and 0@ a principal stress. Finally, since the
three principal directions must be mutually orthogonal, the
third principal direction is tangent to the bore surface and
in the plane @ = 0° with the principal stress denoted, (J.

As is conventional, the maximum shears occur on four faces

of the cube which is rotated about one of the normals, 45°
from the principal directions. The largest of these shears
is determined (considering use of the maximum shear theory)
by taking the absolute value of the maximum algebraic differ-
ence between two stresses. These stresses calculated along
the bore surface are relatively accurate due to the mathe-
matical handling of the loading as represented by the higher
terms of the Fourier series. For increasing radial distances
from the bore, the computed stresses due to rim deflection
tend to become less accurate as, in order to implement the
finite element technique, the Hertzian parabolic distribution
of load is replaced by a concentrated line load. In other
words, for the moment, the local contact stress state has

not been considered. An example stress distribution due to
rim deflection is shown in Pigure 45 and is denoted by (Fu*.
or the approximate results for the hollow-ended roller.

12
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In order to accurately describe the stress state existing in
the roller rim under the plane of the actual load, 6 =0
(stresses will be at a maximum in this region while decreas-
ing for increasing values for "©"), which now includes the
Hertzian contact stresses combined with the stress distribu-
tion found from the finite elemant analysis, an auxiliary
finite clement analysis of an infinite solid roller is re-
quired to properly combine the two stress states. The results
of such an auxili.ry analysis are shown in Figure 54 with

the stresses designated, (jg*, or the approximate results for
the solid roller. The finite element grid and J stress
planes are the same as employed in the hollow-ended roller
analysis. The actual stress distribution in the hollow-ended
roller can now be computed by assuming that the difference
between the exact stress (§) in the solid (S) roller and the
exact stress in the hollow (H) roller is the same as the
difference between the approximate (G*) analyses:

Gy - 0= G - G 1

This is reasonable since the approximate analyses include the
basic behavior and do not include the self-equilibrating
local effects at the contact area. i

In summary, the desired stresg state, @a - 05 + O - O,
can now be calculated where e is an accurate determination
of the principal stress distribution in the hollow-ended
roller, S is the exact or classical sufsurface principal
stress due to Hertzian contact alone, ( y denotes the finite
element stress analysis results (principal stresses) for a
hollow-ended roller, and T8 denotes the results of an
auxiliary finite element analysis on a corresponding lo%d
roller. The stress planes employed for displaying the s
stress distribution below the roller surface are shown in
Figure 26. For practical reasons, this grid is different
from that employed in the finite element stress analyses.
Inspection reveals, however, that respective J planes have the
same surface starting point. As the stresses due to Hertzian
contact decay rapidly below the OD surface with small differ-
ences existing in respective J plane coordinates for small
depths below the surface, little error is involved in the
calculation of combined stress 'y, due to non-parallelism of
respective J planes. Once the prgncipal stresses ORr, C 2z,
G ¢ for the stress state are calculated using formula

1 , the significant subsurface shear stress, which may be
used as a failure criterion, is determined by applying the
maximum shear stress theory

rR-Oz
Tpz = 3
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As the maximum shear stress occurs near the roller OD and is
in general much greater than that found along the hollow-
ended roller bore surface, it is correct to assume a sub-
surface failure mode (this is fully supported by previous
fatigue test results).
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TEST DATA AND RESULTS

ROLLER DIMENSIONS AND CHARACTERISTICS

Critical test roller dimensions and material properties were
measured and recorded in Table III. These specific values
were considered in the test program and not the design dimen-
sions shown in Table I and Figures 9 thru 14 (see Test Speci-

men Design section).
NIT E CALIB CURVES

In order to accurately determine the elastic contact area
dimensions from footprint measurements on etched plates,
calibration curves are necessary to correct the observed
measurements for the influence that the etch thickness has on
these dimensions. Using data published in earlier work
(Figure 5), etch calibration curves may be constructed for
film thickness of 57, 86, and 994 inch (Figures 27, 28, and
29, respectively). These thicknesses were determined to
exist on the three test plates using the procedure described
in the Etch Thickness Determination section. Any measured
dimension may now be corrected to yield the real diménsion
allowing construction of the entire true "Footprint".

SOLID RO R CR E ISHMEN

The first phase of the experimental test program was to
establish the optimum solid roller crown geometry for the
specific operating conditions of 18,000 pounds applied load
per roller set and .0005 inch/inch misalignment. This was
accomplished by applying numerous crown variations to solid
rollers; recording the contact areas or "Footprints" genera-
ted at these conditions on a dry, flat plate:; and qualita-
tively evaluating the areas with respect to end of contact
effects (blunt ends).

Initially, eight crown variations, 1-8 (Table I), were inves-
tigated resulting in "Footprint" sets (Figures 30 and 31).
These crowns were selected to qualitatively determine the in-
fluence of crown geometry on load distribution for this
particular diameter roller. Similar development work per-
formed at Rollway in recent years has shown that the
cylindrical flat length should be as long as possible (short
crown length) with the end of contact shape controlled by
crown drop adjustment. Considering these results in the
Boeing-Vertol program permits a reduction in the number of
variables that have to be evaluated with respect to

15
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determining their influence on the shape of the contact area.
In summary, the general approach used in this part of the
program was to specify as short a crown length as practical
and control the crown drop by varying the crown radii.

Looking at specific crown geometries (Table III) actual
measurements, and the associated "Footprints" (Figures 30

and 31) leads to the following evaluation and discussion. The
"Footprints" created with crown #l rollers (.0005 inch crown
drop) exhibit blunt ends under no misalignment as well as
.0005 inch/inch - obviously unacceptable. The next four

crown variations (2-5) feature approximately the same crown
drop (.0006-.0008 inch) but with various crown lengths.
Inspection of their respective contact areas shows only slight,
if any, improvement at the end of contact - still undesirable.
Applying crown #6, which has a greater drop, improves the

load distribution for the case of no misalignment but does

not substantially modify the contact area created at .0005
inch/inch misalignment. Increasing the crown drop to (.0010)
crown #7, and increasing the flat length slightly, shows

very favorable contact areas for no misalignment with improved
ones at .0005 inch/inch. The "Footprint" associated with
crown #8 reflects a very large crown drop and short flat
length. The shape at the ends of contact is superior, but

at the expense of drastically shortening the contact length
which is associated with substantial increase in the contact
width (2b). The 2B dimension may be used as a measure of
stress. Remembering that roller life is inversely propor-
tional to some high power of the significant stress, the case
for a short flat length is highly undesirable.

The above evaluation of the eight crown variations has shown
that only crown #7 offers a reasonable load distribution as
exhibited by the "Footprints". However, this may be improved.
Two additional crown variations (9 and 10) were selected for
evaluation in order to further improve the end of contact
shape. The actual crown geometries are shown in Table III
with the resulting "Footprints" displayed in Figure 32.
Visual inspection shows that the "Footprints" resulting from
crown #10 variation roller display a satisfactory contact
shape for the operating conditions of 18,000 pounds and

.0005 inch/inch misalignment. This crown geometry becomes
even more desirable when considering that the above load
condition is for maximum load. In reality, the loading will,
for a high percentage of the time, be lower than 18,000
pounds. Hence, the contact area created using a solid roller
with #10 crown will exhibit a more pointed end of contact
(which is desirable as opposed to blunt),

16
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Summarizing, crown #10 (Table I) has been selected for the
operating conditions specified.

HOLLOW-ENDED ROLLER BORE SHAPE SE

The second phase of the experimental test program involved
(1) generating the solid roller crown selected from the first
phase on the same sized hollow-ended rollers constructed

with six different bore configurations (bore shape comparison
illustrated in Figure 33), and (2) establishing the best bore
design by evaluation of the respective load distributions on
the roller considering end of contact shape and maximum con-
tact width dimension, resulting from applying the specified
applied load of 18,000 pounds per roller set and .003 inch/
inch misalignment. The resulting "Footprint" sets are dis-
played in Figures 34 thru 36. Because of the critical nature
of these tests, "Footprints" were duplicated on three differ-
ent test plates. The entry numbers identifying the "Foot-
print" sets in these figures may be related to dimensions
"Footprint" recorded in Table IV. These contact areas were
measured, etch thickness determined, calibration curves de-
veloped, and observed measurements corrected in the manner
described in previous sections. The corrected dimensions for
each specific "Footprint" are also found in Table VI. The
maximum width and end of contact width dimensions may be used
to evaluate the "Footprints" with respect to obtaining the
best load distribution. The calibration areas referred to

in this table may be seen in Figure 17, as one example. The
etch thickness assigned to a “"Footprint" represents an
average value for that particular plate. Entries one thru
twenty include applications of "Footprints" on different

test plates. For each bore shape, at least two "Footprints"
were recorded and in some cases four. Once the observed
dimensions were corrected for a particular bore design, they
were averaged t., yield the results found in Table V. Solid
roller "Footprint" test data is also included for comparison
purposes. Inspection of the values in the 2b (MAX) and 2b
(END) colums clearly shows that bore configuration #3 dis-
tributes the load in the most favorable manner for the
specified operating conditions of 18,000 pounds load and .003
inch/inch misalignment. The “Footprint" created using this
design exhibits the least width and end of contact dimensions
which is a measure of stress. Comparing these dimensions to
those displayed by a solid roller “"Footprint" shows great
improvement by using this particular hollow-ended roller.

In addition, any hollow-ended roller “Footprint" shape is
superior to that created by the conventional solid roller
type of similar size.
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HOLLOW-ENDED ROLLER LOAD DISTRIBUTION DETERMINATION

Having previously established the best contact area, consider-
ing shape and maximum width dimension, to be entry 3,
Table V (illustrated in Figure 34), it may be measured
(Table VI) and constructed graphically in enlarged fashion
(Figure 37). This observed area, as it is called, may be
corrected to yield the true shape or apparent contact area
by employing the appropriate etch correction curve (Figure
27) . To determine that portion of the 18,000 pound applied
load which has been used to create the heaviest loaded roller
"Footprint" in the set, the apparent area has been divided
into 24 segments, whose equivalent half-widths (b,) are
found by drawing the horizontal line through the corrected
outline that makes them rectangular segments equal in area to
that of the original sections. Applying the following
Hertzian equation
2

= bn 1

n
(1.4 x 1074

P 2

) dac

allows the determination of the incremental loads necessary
to create each segment (Table VII). Curves aiding in the
determination of P, are found in Figure 38. Summation of
these loads yields 16,026 pounds. The second "Footprint", in
the tandem set, Figure 39 (shows corrected contact area only),
is constructed and analyzed in the same manner, yielding
3324 pounds. Addition of these resultant loads supported by
each roller (Table VII) shows the total to be in excess of
the known applied load by 7%% or 1350 pounds. Even though
the source of this error is not clear, the corrected contact
area outline may be adjusted in both "Footprints" to yield
areas that precisely account for the 18,000 pound load (de-
noted by "Refined Corrected Area or Apparent Contact Area").
All dimensions simply have been multiplied by a factor of
.925. This is a valid procedure as the etch correction
factors initially applied have already established the correct
"Footprint" shape/outline. The 7%% error is assumed to be
the same for each contact dimension resulting in a slightly
reduced area, but retaining its shape. The refined results
for each "Footprint" may be seen in Table VII (results for
the most heavily loaded roller, major, are constructed in
graphical form, Figure 37). The incremental unit loads
simply calculated from Pn/l, are plotted also in Iigure 37
with a smooth continuous curve connecting the points. In-
spection of this curve shows the peak value to be 15,200
pounds and located in the area of the crown/flat length
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junction. Unit load values from the plot are used as co-
efficients in the Fourier series equation which forms input
data for the finite element analysis computer program.

FINITE ELEMENT STRESS RESULTS ( Siﬂf STRESS STATE)

The finite element analysis employed yields the stress distri-
bution throughout the hollow-ended roller rim due to rim de-
flection created by a line load. The rim structure of the
roller has been divided into a grid network of quadrilateral
shaped elements with stresses computed at their centroids.
Connecting such centroids in a vertical direction allows
stress planes to be developed, denoted by the letter J,
Figure 23. Formation of such planes permits graphical repre-
sentations of the stress distributions along a particular
plane clearly showing how the stresses vacy according to loca-
tion. The three principal stresses ( (3 y* stress state) may
be displayed in this manner along planes J4 thru Jl4 in
Figures 40 thru 50, respectively. All three, GRr., Ug. and

O z. are compressive at the surface due to the radial dis-
placement of each "ring" section of the rim (considering rim
to be divided into a leriss of rings) being unequal with
respect to its neighbors.“ As the roller bore area is
approached, the stresses become positive (tension) except for

O R which goes to zero (there can be no radial (n direction)
stress at this surface, as there is no external loading
applied there). 1Inspection of the computer results in the
bore region shows a maximum shear stress ( T . o) of approxi-
mately 40,000 psi located just inside the bor& surface in the
vicinity of stress plane J25. The stress distribution along
the entire bore surface is shown in Figure 51. This value of
40,000 psi is not considered to be at a critical level, be-
cause stress concentrations arising from bore finish are
minimal. As noted earlier, the stresses near the bore are
very accurate while decreasing in accuracy as the roller OD
is approached. Stresses at and near the OD are only valid
when used in proper formulation, which combines various stress
states to yield an accurate description of the stresses ex-
isting in the actual application. This computer analysis also
determines the elastic displacement of the hollow-ended
roller OD, with the deflection curve (Figure 52) showing a
maximum deflection (.00157) associated with the peak unit
loading imposed on the roller OD. As expected, the subsur-
face principal stresses created from this deflection are
highest in this load region (Figures 40 thru 50).
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AUXILIARY FINITE ELEMENT STRESS ANALYSIS ( (" g* STRESS STATE)

In order to determine the stress state in the hollow-ended
roller due to both rim deflection and local contact stresses,
an auxiliary finite element analysis of a solid roller sub-
jected to the same load distribution as the hollow-ended
roller is required. Stress results for 1000 pound/inch unit
loading may be computed and plotted (Figure 53). From these
curves, stress distributions along any J plane associated with
a unit load may be calculated (Figure 54, for example). The
finite element grid (and stress planes) employed in this
analysis is identical to that develoved for the hollow-ended
roller (Figure 23). These stresses ( § s*) in themselves
are of no value, but are necessary in the formulation
(formula (1)) for determining the combined stress state.

HERTZIAN SUBSURFACE STRESS STATE IN H.).LOW-ENDED ROLLER (q g)

The finite element analysis has yielded the stresses created
due to rim deflections. Now, the stresses created by
Hertzian contact at the surface must be determined and pro-
perly combined to the above stress state to yield the accurate
existing stress state. The Hertzian subsurface principal
stress distributions are determjined using the classical
approach of Thomas and Hoersch.” The solutions are most
easily obtained by a computer program which reads out the re-
sults in curve form (Figures 55 thru 62) along the J stress
plane locations seen in Figure 26. As shown, all three
orthogonal stresses are compressive at the surface and decay
rapidly for increasing values of depth. The highest surface
contact stress is 350,000 psi which is still within the
elastic limit.

comBmiED stress STATE ( 8m)

The actual stress distribution existing in the hollow-ended

roller under the influence of the load distribution shown in

Figure 37 may now be dctermined by algnbraically combining

the results reported in the previous sections using fornula .

1l or
gn' GS*GH"G-S'

The princ.pal combined stresses ( T r, O, 9 3) are calcu-
lated and plotted in Figures 63, 64 and 65 respectively.
The highest surface contact stress is 380,000 psi which is
still within the elastic range. The significant (maximum)
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subsurface shear stress may be calculated by taking half the
difference between any two principal stresses. This signi-
ficant stress ( T pz) is plotted along planes J8 thru Jl4,
Figures 66 thru 72 respectively. A maximum value of 102,000
psi is reached approximately .9125 to .0150 inch below the
roller surface in plane Jl4. This value levels off and re-
mains the same in planes 15 and 16, then gradually decreases
for increasing J plane numbers. The shear stress, CRg.
distribution (not shown) reaches a peak value of 98,000 psi,
.0225 inch below the surface in plane Jl4. The remaining com-
bined shear stress, T gz, is small and need not be discussed.
The significant shear stress value of 102,000 psi in itself
is high, but not critically so. It must also be remembered
that the operating conditions, which dictate the load distri-
bution on the roller, were specified rather severely and do
not reflect, in all probability, a large percentage of the
total bearing running time. As this stress is substantially
higher than the maximum bore stress (40,000 psi), the ex-
pected mode of failure will be conventional subsurface (OD)
fatigue as in the case of a solid roller.

SOLID ROLLER COMPARATIVE STRESS DATA

As in the case of the hollow-ended roller, a set of solid
rollers with crown #10 optimum variation were subjected to
18,000 pounds load and .003 inch/inch misalignment. The re-
sulting "Footprints", entry 7, Table IV, were constructed,
Figures 73 and 74, and an incremental load evaluation was
performed on them. The results (Table VIII) show that the
resultant loads supported by each roller add up in excess of
the known applied load by 5.4%, or 986 pounds. As before,
the apparent area may be adjusted in both "Footprints" to
yield areas that precisely account for the 18,000 pound load.
It is interesting to note that the load supported by the
heaviest loaded solid roller is 1091 pounds more than that
carrier by the respective hollow-ended roller. This sub-
stantial difference is the result of hollow-rim flexibility.
Not only does the OD elastically deform, but the rim deflects,
allowing the second roller in the set to pick up a greater
percentage of the total load. The added load, of course, in-
creases the stresses in the case of the solid roller. A

unit loading curve may be constructed (Figure 73) showing

the maximum unit loading to be far greater than that found

in the hollow-ended type (19,100 versus 15,200 psi). The
subsurface shear stress distribution existing in the solid
roller was dgterminod using the classical approach of Thomas
and Hoersch.” The stress solutions determined by a computer
program read out the results in curve form (Figures 75 and 76).
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The stress gird is the same as employed in the hollow-ended
roller analysis for Hertzian contact stress determination.
Inspection of all such J plane stress distributions shows
plane J7 to exhibit the maximum subsurface shear stress, or
120,000 psi. Comparing this stress value to that existing
in the respective hollow-ended roller, or 102,000 psi
(Figure 77), it is evident that the hollow-ended roller has
a great advantage stress-wise over a solid roller in this
particular application.

CROWN VERIFICATI

The previous investigation and subsequent finite element
analysis have so far established the proper hollow-ended
roller bore to be used in conjunction with the optimum solid
roller crown selected for use under less severe misalignment
conditions (.0005 inch/inch) than the hollow-ended roller

is expected to endure. This solid roller crown (#10) is not
most advantageous to use at .003 inch/inch misalignment when
considering the hollow-ended roller and is even worse for a
solid roller at this misalignment condition as the blunt-
ness at the end of contact on the best hollow-ended roller
"Footprint" testifies (Figure 34). A more liberal crown drop,
while maintaining approximately the same flat length, is
necessary. Crown #ll shows the required dimensions (Table
I). Rollers with the desired bore configuration (#3) were
crowned to this specification and subjected to the desired
load and misalignment (18,000 pounds and .003 inch/inch)
with the results displayed in Figure 78. Inspection of the
"Footprints“ shows that the shape of both contact areas is
pointed at the ends, which is the anticipated effect.
Measurement of the maximum 2b width and subsequent correction
for etch thickness (etch correction curve, Figure 79) show
the actual width to be less than that determined for crown
#10 “"Footprint" (Table IV). This means that the maximum
stress level will be lower than the best established so far,
or 102,000 psi. "Footprints" were also made at 12,000 and
8000 pounds load (Figure 78), showing contact for all
rollers in both sets as well as pointed ends of contact at
.003 inch/inch misalignment. 1In addition, a "Footprint"

was created at 12,000 pounds load .0015 inch/inch misalign-
ment, Figure 78, which could be representative of an actual
operating condition.
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CONCLUSIONS

The following sequential descriptions, with appropriate con-
clusiona, logically include all conclusions reached as a re-
sult of the various investigations in this development pro-

gram.

1.

The conclusion resulting from a “Footprint” study to
determine the influence of roller crowning on solid
roller load distributions for 18,000 pounds applied load
peilroller set and .0005 inch/inch misalignment is as
follows:

The solid roller with crown geometry #10, Table I,
produces the best "Footprint" considering end of
contact shape.

Crown #10 was applied to various hollow-ended roller con-
figurations which were then subjected to an 18,000 pound
load and .003 inch/inch misalignment. The following con-
clusion was made with respect to bore shape selection:

The roller with bore configuration 3 was responsible
for the best "Footprint®, considering both end of
contact shape and maximum contact width.

A "Footprint” analysis was performed on this contact area
vieldiny the load distribution on the roller. These re-
sults provided input data for a comprehensive stress
analysis on the hollow-ended roller rim. Specific con-
clusions regarding the stress state existing in the rim
of the most heavily loaded roller in the tandem set are
as follows:

a. The maximum shear stress located just inside the bore
surface is 40,000 psi and is well within acceptable
limits.

b. The maximum subsurface shear stress (resulting from
combining the Hertzian contact stresses with those in-
duced from rim deflection) found near the surface of
the roller, directly under the plane of the load, is
102,000 psi and is a reasonable static stress level.

c. As the significant shear stress at the outside dia-

meter is substantially greater than that found in the
bore, and assuming a good bore finish, the failure
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mode in the hollow-ended roller will be conventional
outside diameter fatigue spalling, which is normal
and predictable.

Tailored crowning was considered for the hollow-ended
roller for operating conditions of 18,000 pounds load per
roller set and .003 inch/inch misalignment. Conclusions
from this investigation are:

a. The best bore/crown relationship for the above
specific conditions is bore 3 (selected previously)
with crown #l1 (Table I).

b. A reduct.on in the previously established maximum
shear stress level (102,000 psi) is possible employ-
ing the above bore/crown combination.

c. "Footprints" created at 12,000 pounds and 8000 pounds
with .003 inch/inch misalignment also exhibit satis-
factory contact shapes.

Comparing a hollow-ended roller "Footprint"” set to a
respective solid roller set for the same application
(18,000 pounds and .003 inch/inch), the following conclu-
sions apply:

a. The applied load is shared more favorably by the two
hollow-ended rollers (heaviest loaded solid roller
supports 16,029 pounds while the respective hollow-
ended roller supports 14,938 pounds).

b. A 20% decrease in the subsurface maximum shear stress
level found when comparing a hollow-ended roller to
a conventional solid roller result~ in a signifi-
cantly greater L)y fatigue life for the hollow-ended

type.

c. The maximum Hertzian contact stress of the hollow-
ended roller is 350,000 psi compared to a stress of
approximately 400,000 psi for the solid roller con-
figuration under identical load conditions.

d. Life comparison based upon these conclusions for
various HLH planet bearing configurations is shown
in Pigure 80. These results show that the hollow-

ended cylindrical roller bearing configuration provides

the best life performarnceé under the expected HLH
operating conditions.
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RECOMMENDATIONS

Although the data generated in this development program is of
a conclusive nature as far as design feasibility is concerned
with the assumed operating misaligmment, it does not exhibit
whether the proposed bearing which includes hollow-ended
rollers will function with maximum benefit under the actual
misalignment conditions which may be more or less severe than
anticipated. 1In this application, because of the complicated
nature of deflections involved in components other than
bearings, it is very difficult to analytically determine the
precise deflection expected to exist at the bearing loca-
tions. If the misalignments are found to be not as expected,
the roller geometry may need further refinement to result in
a more favorable load distribution, hence increasing reli-
ability and life. The basic "Footprint” method may be ex-
tended to include evaluation of whole hcarings.‘

Prototype bearings with etched races could be carefully
placed into position in the transmission with the expected
peak load applied statically. The load distribution on the
etched races and, in particular, the "Footprint” found at the
most heavily loaded roller position, may be evaluated to re-
veal the maximum deflection existing at that bearing loca-
tion. If different than specified initially (.003 inch/inch)
the roller crown geometry should be changed to obtain the
best static load distribution possible. Finally, to determine
the effects of any extraneous dynamic effects a fatigue test
evaluation employing the subject bearing will be performed.
Such a dynamic test may indicate that minor refinements to
the roller geometry may be advantageous.
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1. *ANY SYNHMETRICAL LOAD = J0US END
ASSOCIATED STRESS CONCENTRATIORS

-
HEAVY CONTACT - SERIOUS EWD EPPRCTS WITH
ASSOCIATED STRESS CONCENTRATIONS

PN 55 ¢ M ST AR L e

LIGHT ASYMNETRICAL LOAD -~ RNDS OF CONTACT
ON CROWN

"ER ICAL LOAD =
CORHER !N NITAC'I' END RPPECTS WITH MATID
STRESS CONCENTRATION

6.  VERY HEAVY LOAD AND NISALIGNMENT - ONE CORNER
IN HEAVY CONTACT - SERIOUS END EFFECTS VITH
ASSOCIATED STRESS CONCENTRATION

LIGHT OR INTERMEDIATE

1
OF CONTACT ON CROWN - POOR CROWN BLEND

*Uncrowned Roller

Figure 1. Contact Area Shapes (Footprints) Created by
Various Loading Conditions on a Partially
Crowned Cylindrical Roller.
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Figure 2b. HIH Design Study - Planetary Bearing
(Second Stage Planet).
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Figure 23. Roller Coordinate System.
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Figure 25. Bore Stress Orientation.
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